In mammals, the vomeronasal system (VS) originating from the vomeronasal organ (VNO; also called "Jacobson's organ") is considered to be a chemosensory system that recognizes "pheromone" signals. In the accessory olfactory bulb (AOB), the primary center of the VS, the glomerular cell layer (GL) of the AOB is regarded as an important functional area in the transmission of pheromone signals from vomeronasal sensory neurons (VSNs) of the VNO. In mice, the most frequently used animal model for the study of the VS, the GL of the AOB has several unique histological properties when compared with the main olfactory bulb (MOB): (i) each glomerular size is far smaller than in the MOB; (ii) many juxtaglomerular cells (JGCs) are GABA immunopositive, but subpopulations of cells distributed in the AOB are tyrosine hydroxylase-or calcium-binding protein immunopositive; and (iii) the dendritic branching pattern of the JGC in the AOB is heteromeric. The biological significance of the mammalian VS is still debated. The unique histological properties of the mouse AOB summerized in the present review may give some useful information that may help in understanding the function of the mammalian VS.
Introduction
The olfactory sensory system in mammals can be divided into two anatomically distinct parts (shown on Fig.  1A ): 1) the main olfactory system (MOS or simply termed "the olfactory system") and 2) the vomeronasal (accessory olfactory) system (VS) [7, 38] . In the MOS, olfactory sensory neurons (OSNs, also called "olfactory receptor cells") sitting in the main olfactory epithelium (MOE) of the nasal cavity and their axons project to the Mitral (Mt) cells of the main olfactory bulb (MOB). Axons of the Mt cells project to the anterior olfactory nucleus (AON) as well as to higher olfactory cortical areas such as the piriform cortex (PIR) through the lateral olfactory tract (LOT). Tertiary connection target sites are the hippocampus and neocortex through the cerebral limbic system. In the VS, the vomeronasal sensory neurons (VSNs, or "vomeronasal receptor cells") are distributed in the vomeronasal sensory epithelium (VOE) of the vomeronasal organ (VNO), give rise to the afferent sensory fibers (vomeronasal nerve fibers) of the accessory olfactory bulb (AOB) and terminate on the output cells (mitral/tufted cells; MT cells) of the AOB. The axons of MT cells in turn, project to the medial, and -Review-posteromedial cortical nuclei (MEA and PMCO, respectively) of the "vomeronasal amygdala" through the accessory olfactory tract (AOT). Neurons also transmit information to several hypothalamic areas like the medial preoptic area (MPOA), ventromedial nucleus (VMH) and ventral premammillary nucleus (PMv) of the hypothalamus mainly through the MEA. The MOS is considered to be involved in receiving "general smells" and processes information necessary for maintaining life such as food smells. In contrast, the VS is considered to play an important role in receiving "pheromone" signals being specific to individuals and genders to be able to identify or select them for mates. However, it has recently been demonstrated that assigning these completely separate roles is not necessarily adequate [66] .
Following the landmark discovery of the odorant receptor (OR) gene by R. Axel and L. Buck in 1991 (awarded with a Nobel Prize in 2004) [6] , our knowledge about the information processing involved in odorant perception through the MOS has markedly improved. At the same time, as far as the VS is concerned, despite many studies being performed mainly using mice, like surgical excision of the VNO or knockout of the transient receptor potential channel C2 (TRPC2) gene, which is [A] The two olfactory systems of the mouse; the main olfactory system (right half) and vomeronasal system (left half). Olfactory sensory neurons (OSNs) are distributed in the main olfactory epithelium (MOE) and project their axons to the main olfactory bulb (MOB). Secondary centers of the main olfactory system are shown as light-green colored areas. These secondary centers of the main olfactory system mainly project to the cerebral limbic system and cortex. Vomeronasal sensory neurons (VSNs) present in the vomeronasal organ (VNO) project their axons to the accessory olfactory bulb (AOB the main signal transmission component of this system [26, 30, 52] , our knowledge about the precise role and the neuronal information processing of this system is still insufficient. It has recently been clarified that the glomerular cell layer (GL) of the MOB plays an important role in the initial neural processing of smell-related information [41] . Therefore, to be able to further elucidate the function of the VS, it may also be necessary to identify the function of the GL in the AOB. Clarification of the neural network properties of the GL of the mouse AOB, which has a well-developed VS, may provide important basic data about the behavioral and electrophysiological properties of the VS and may help to elucidate the information processing of other mammalian VSs as well.
In this review, the role of the mammalian VS will be discussed focusing on the functional anatomical characteristics of the GL comprising the mouse AOB, in which odorant information is received and initially processed at the VNO.
In mice, the Grueneberg ganglion (GG) containing VSNs and another pheromone receptor candidate gene called "trace amine-associated receptors (TAARs)" are present near the tip of the nose (Fig. 1B) . This ganglion has neural projections into a region located around the AOB and is termed "the necklace glomeruli." This region has been predicted to be an olfactory subsystem in mice [16, 66] . However, its physiological function is still incompletely known, there is evidence suggesting that it can detect special, so-called "alarm pheromones" [5] , and it may participate in the detection of cool ambient temperature [36] . Therefore, the histological structure of this ganglion is not in the main focus of our present review.
Relationship between the VNO and Pheromones
In many mammalians, including mice, the VNO is present as a symmetric pair of thin and long organs located in the anteroposterior direction in the ventrobasal region of the olfactory septum (Fig. 1B) . The term "vomeronasal organ (VNO)" is derived from "nasal organ surrounded by the vomer forming the ventrobasal part of the olfactory septum" (see Fig. 1C ). In reptiles including snakes, the anterior edge of the VNO is extended into the oral cavity. In mammals, there are two different types; one of them opens only into the nasal cavity (Fig. 1D) , and the other one is connected with both the oral and nasal cavities through the so-called incisive duct (Fig. 1E) [12, 15] . The VNO was discovered in 1811 by a Danish, Ludvig Jacobson, and a detailed report containing figures and tables was published in 1813 [12, 21] . This is the reason why the VNO has been also called "Jacobson's organ" for a long time. At the time of his discovery, the VNO was considered to be a glandular tissue. However, in 1970s, the connection of the VNO with neural circuits of the brain was anatomically described, and its function as a receptor of chemical substances was physiologically identified. In 1975, JB Powers and SS Winans performed deafferentation of the MOS alone and VS alone by cutting the OSN and VSN, respectively, or both simultaneously in male hamsters and investigated the influence on male sexual behavior [46] . Sexual behavior was not influenced by the deafferentation of the MOS, but it disappeared by the deafferentation of the VS in most of the male hamsters. Male sexual behavior could not be detected when deafferentation was performed on both systems. On the basis of this study, the mammalian VNO is considered to be a receptor organ of "sexual" pheromones.
Currently, vomeronasal receptors (VRs) and trace amine-associated receptors (TAARs) are candidates for sensing pheromones in mammals. VRs are expressed in the sensory epithelium of the VNO and comprise a gene family different from odorant receptors (ORs) [13, 32, 49, 50, 65] . They are divided into Type 1 (V1R) and Type 2 (V2R) VRs. In rodents (such as mice and rats), both V1R and V2R are expressed, but only V1R is expressed in ruminants (such as cows and goats) and carnivorous (such as dogs and cats) [18, 56, 64] . In mice, the number of functional (intact) genes of OR, V1R, V2R and TAAR were 1037, 187, 121 and 15, respectively. In contrast, in cows, the numbers of functional genes of OR, V1R, V2R and TAAR were 970, 40, 0 and 17, respectively [56] . VR molecules are transmembrane receptors penetrating the membrane 7 times, and only one or a few receptor genes are expressed per VSN. V1R and V2R are coexpressed with G-protein subunits, G ai2 and G ao , respectively ( Fig. 2) and are considered to receive pheromone (and/or pheromone candidate) signals by promoting opening of an ion channel through inositol triphosphate (IP3) produced by phospholipase C [18] .
TAARs have been shown to be activated by trimethylamine and isoamylamine, urinary volatile amines, which can promote sexual maturation of female mice. Based upon these findings, they are considered to be pheromone receptors as well [16] . As described in Introduction part, TAARs are expressed in neurons in the mouse Grueneberg ganglion and also in the MOE [31] . The MOE has been considered to receive signals of "general smell," but the expression of VRs, paralleling the expression of TAARs in the MOE has been also reported [14, 60] . Therefore, the concept that "pheromones are only detected by the VNO" might be false.
Axon Projection of VNSs
VSNs expressing VRs in the VNO project to the AOB. In mice, the distribution of VSNs in the VNO and the pattern of VSN axon projection to the AOB have certain characteristics. Cell bodies of V1R-expressing VSNs are located in the apical zone of the VNO sensory epithelium, whereas those of expressing V2R VSNs are located in the basal zone [11, 13, 20, 50] (Fig. 2A ). V1R and V2R VSNs project into and terminate in the anterior and posterior parts of the GL of AOB, respectively [10, 18, 19, 23] (Fig. 2A) . Moreover, anterograde and retrograde tract-tracing methods have also shown differential projections from the anterior and posterior divisions of the AOB to the vomeronasal amygdala [37] . Thus, the two vomeronasal subsystems are anatomically separated also in the telencephalon in rodents. In the mouse, axons of VSNs are sent out from the VNO early in development (about embryonic day 11) and VSN axons appear in the AOB around the prenatal period. At this time, glomeruli start to be formed, and different layers of the AOB can be recognized. Parallel with these, axons of VSNs converge and project toward the AOB glomerular layer. The segregation of V1R and V2R VSNs termination in the GL of the AOB becomes evident only during the postnatal period [see the introduction of reference 27], while in ruminants and carnivorous expressing exclusively V1R VSNs in the VNO, only the V1R axon projections can be detected in the GL of the AOB [54, 55] (Fig. 2B) . It should be noted that the VS of rodents, expressing both V1R and V2R and projecting separately into the anterior and posterior parts of the AOB (the marsupial opossum also shows this pattern [22] ), shows a unique pattern among mammals.
Histological Structure of the Mouse AOB
Since the AOB is the only brain region that receives axonal projections from VSNs, it can be positioned as the "primary center" of the VS. In the mouse, the AOB is located in the dorsoposterior region of the MOB (Fig.  3A) . The vomeronasal nerve layer (VNL), glomerular layer (GL), external plexiform layer (EPL), mitral/ tufted (MT) cell layer (MTCL), lateral olfactory tract (LOT), and granule cell layer (GCL) can be histologically distinguished in the mouse AOB (Fig. 3B) . In the MTCL, MT cells, the output neurons of the AOB (secondary neurons of the VS), are distributed. Cell bodies of MT cells extend several dendrites toward the glomeruli, and their apical regions form an "arbor structure" in the glomeruli (Fig. 3C) . Terminals of axon projections arriving from VSNs also form "arbors" in the glomeruli corresponding to the apical dendrites of MT cells and transmit information from VSNs to MT cells (Fig. 3D ) [10, 53] . Then, the MT cells send information to higher brain regions (such as the MEA) as secondary neurons of the VS (Fig. 3D ).
Synaptic Connection with MT Cells
Large numbers of small interneurons are distributed in the GL and GCL of the AOB. Dendrites of these interneurons form "reciprocal synapses" with MT cell dendrites. They are special synapses in which excitatory synapses directed from MT cells toward interneurons, and inhibitory synapses directed from interneurons toward MT cells are adjacently present [33] [34] [35] (Fig.  3D) . This means that when MT cells receive excitatory input from VSNs and get excited, this excitation is transmitted to interneurons through the excitatory synapses of the reciprocal synapses, in which the neurotransmitter is glutamic acid. Excited interneurons inhibit nerve activity of MT cells which receive excitatory input from inhibitory synapses or other MT cells, in which the neurotransmitter is gamma-aminobutyric acid (GABA). The role of the reciprocal synapses in the AOB has been partially clarified and related to the so-called "Bruce effect" [25] , but many aspects of these connections are still unclear.
Histological Properties of the GL of the Mouse AOB
In this section, I am going to focus on the histomorphological characteristics of the GL in the AOB.
Histochemical characteristics of the Glomeruli
Mouse AOB glomeruli can be visualized by immunohistochemical staining using specific antibody for Vesicular glutamate transporter 2 (VGLUT2) that is expressed at the terminals of glutamatergic neurons, as in the case of the MOB glomeruli [17, 40, 61] . The upper columns (A-D) of Fig. 4 show the relationship between the pattern of axon projection of the V1R-expressed VSNs and glomeruli in the mouse AOB prepared by knocking-in a tau-LacZ fusion gene into a V1R (V1Ra1, also called VN12) gene mouse (VN12-IRES-tau-LacZ mice; supplied by Dr. Richard M. Costanzo). A nerve fiber from VSNs expressing V1Ral projects only to the anterior part (G ai2 area) of the GL of the AOB ( Fig. 4A ; see also Fig. 2A and 2C) . The projection pattern of the V1R gene branches in the G ai2 area in a complex way (Fig. 4B ) and terminates on several small VGLUT2-immunopositive glomeruli (diameter 10-40 µm) (Fig.  4C and 4D) , showing that the glomerular size in the AOB is far smaller than that in the MOB (diameter 100-200 µm; Fig. 4G and 4H ). Axon projection of OSNs expressing the same OR converges into specific glomeruli in the MOB [45] . Accordingly, glomeruli in the MOB enlarge, and mT cells in the MOB receiving information extend single primary dendrites to specific MOB glomeruli [51] . In contrast, axon projections of VSNs expressing the same VRs converge into "several small glomeruli" (Fig.  4A ) in the AOB [10] . This projection pattern of VSNs in the AOB makes the structure of the glomerular layer "unclear." This may be the reason for MT cells of the AOB extending "multiple" primary dendrites to the glomeruli ( Fig. 3C and 3D ).
Histochemical characteristics of the juxtaglomerular cells (JGCs)
When a Nissl-stained mouse olfactory bulb is observed, AOB glomeruli are not as clear as MOB glomeruli due to the fact that glomeruli are not completely surrounded by JGCs in the AOB (Figs. 3A, 4E and  4F) .
Whether the histochemical properties of JGCs surrounding glomeruli are different in the MOB compared with the AOB is a question that can be raised. Glial fibrillary acidic protein (GFAP)-positive astrocytes and cells positive for S100, a marker of olfactory ensheathing cells (a type of supporting cell), and their processes are also found in the GL of the MOB [3, 47] , but we are going to focus on neuronal JGCs only. Neuronal JGCs in the MOB are mostly GABA-positive neurons (GAD67; in Fig. 5 MOB) . In addition, neurons reactive with specific antibodies raised against tyrosine hydroxylase (TH) and calcium-binding proteins such as calretinin (CR), paralbumin (PV) and calbindin D-28k (CB) can also be found ( Fig. 5 upper series) . There is not much difference between the proportion of GABA-positive JGCs in the AOB compared with the MOB. However, there are very few other immunopositive cells (TH, CR, CB) or the immunoreactivity is not clear (PV) in the AOB (Fig. 5  lower series) . These results obtained in the mouse are consistent with findings in the rat (Rattus norvegicus) and the opossum (Monodelphis domestica) [24, 29] . Similar to JGCs and GCs in the MOB, JGCs and GCs in the AOB have been identified as interneurons which born during development and in the adult (adult neurogenesis) in the subventricular zone (SVZ) of the brain and migrate to the olfactory bulb [42] . Nevertheless, why are the histochemical properties of JGCs in the AOB and MOB not necessarily identical? One reason may be a smaller number of JGCs in the AOB than in the MOB. Although the relationship between the smaller number of JGCs in the AOB and information processing in the VS is completely unknown, experimental findings concerning the number of TH immunoreactive cells in the MOB may give some hints. When one nostril has been experimentally closed to block the input of olfactory information normally transmitted into the olfactory bulb, the number of TH-immunopositive JGCs is markedly reduced in the MOB on the ipsilateral side. Therefore, expression of TH in JGCs may depend upon the nerve activity [4, 8, 43] . This may suggest that the difference in the number of TH-immunoreactive cells in the GL of the AOB reflects a lower volume of the information input from the VNO compared with the input of the MOE.
Morphology of juxtaglomerular cells (JGCs)
The histomorphological properties of the JGC in the AOB is another important topic. Figure 6 shows the dendritic arborization of a single JGC in the AOB (red color) visualized by a neuron tracer, biocytin, injected into the cell body. Immunohistochemical staining with specific anti-VGLUT2 antibody was simultaneously applied to visualize glomeruli of the AOB (blue color). The morphology of dendrites of the JGC is not necessarily uniform. Some JGCs densely extend dendrites to an adjacent glomerulus from their cell bodies (Fig. 6A) , while others extend dendrites to multiple glomeruli not adjacent to their cell bodies (Fig. 6B) . JGCs in the MOB have been classified into 3 types of cells, periglomerular (PG), short axon (SA), and external tufted (ET) cells [2, 39, 44, 51] . The PG cells project short dendrites within a single glomerulus. There are GABA-positive and GABA-negative PG cells: GABA-positive PG cells are connected with projection fibers of OSNs through synapses, which are called Type 1-PG cells, whereas GABAnegative PG cells are not connected with OSN projections and are called Type 2-PG cells [28, 57, 58] . The SA cells have very long dendrites compared with other JGCs and extend their dendrites about 20-30 glomeruli away from their cell bodies [2] . Our findings suggest that there are more variations in the morphology of JGCs in the AOB compared with the MOB.
We are now in the progress of characterizing JGCs in the AOB with respect to synaptic interaction between VSNs and JGCs-dendrites and the similarity or difference between the number of GABA-positive and GABAnegative JGCs in the AOB. Clarification of the synaptic patterns of JGCs in the AOB would be an important step in being able to elucidate and understand the signaling mechanisms of the VS in mammals.
Higher Center of the Vomeronasal System and Its Physiological Function
Information transmitted to the GL of the AOB is passed over to MT cells and transmitted to the BAOT, MEA, PMCO, and BST through the medial olfactory tract (accessory olfactory tract) (Fig. 1) . These nuclei are collectively termed "the vomeronasal amygdala" [1, 59] . Although a difference can be found in size and quantity of the projections from the AOB to various regions of the vomeronasal amygdala between species, in the mouse, the MEA receives most of the projections from the AOB. In the MEA, many neurons contain sexual steroid receptors, such as estrogen receptors [62, 63] , which play an important modulatory role in the pheromone-mediated neuroendocrine functions. In addition, many neuronal projections from the AOB to the BST can also be found, in which estrogen receptors are distributed as well [62] . Neurons in the MEA and BST project into the MPOA and ventromedial hypothalamic (VMH) region [9, 48] , showing that the VS is a chemosensory system in which olfactory information is directly transmitted to the reproductive endocrine system.
The major framework of the neural network in the VS has already been elucidated, but how information is processed to perceive pheromones and distinguish between them is not completely known. In order to be able to understand the physiological function of the VS, elucida- tion of the histological properties of the GL in the AOB still remains an important research project.
